The deposition of films under normal and off-normal angle of incidence has been investigated in order to explore the relevance of non-sticking of, and self-sputtering by, energetic ions; both effects leading to the formation of neutral atoms going back to the plasma. The flow of energetic ions was obtained using a filtered cathodic arc system in high vacuum and therefore the ion flux had a broad energy distribution of typically 50-100 eV per ion. The range of materials included Cu, Ag, Au, Ti, and Ni. Consistent with molecular dynamics simulations published in the literature, the experiments show that the combined effects of non-sticking and self-sputtering appear to be significant, although the relatively large error range of the method would not allow us to derive quantitative data. It was shown that modest heating and intentional introduction of oxygen background affect the results.
Introduction
In ionized physical vapor deposition (i-PVD) processes such as pulsed laser deposition, cathodic arc deposition, and high power impulse magnetron sputtering, the ions arrive on the substrate surface not necessarily under normal incidence. A good portion of the condensable material arrives on walls, anodes, shields, shutters, baffles, etc., and here the angle of incidence may substantially depart from normal. This is especially true when three-dimensional substrates are processed under conditions where the sheath thickness is large compared to the feature size, like in via and trench filling of semiconductor microprocessors and memory devices [1] [2] [3] , especially when using plasma immersion technology [4] [5] [6] [7] . Ions may have a relatively high probability not to stay with the surface. A non-sticking ion is very likely to be neutralized upon interaction with the surface and return to the processing volume after also having lost a portion of its kinetic energy. This has great implications for a number of process parameters and plasma properties, as well as for the resulting coating obtained on the substrate and other surfaces.
The interaction of ions with surfaces has been studied to a great extent (e.g. [8] [9] [10] [11] [12] ), and the processes greatly depend on the kinetic and potential energies of the approaching ion, the surface conditions, the surface temperature, and the angle of incidence. If the ion's kinetic energy surpasses the displacement energy, which is typically 20-30 eV [13] , and the approach is not too far from normal, the ion will penetrate the region below the surface and insert itself, a process known as subplantation [14] . For somewhat higher kinetic energies, collision cascades form, causing a host of processes, including sputtering [15] [16] , defect formation, densification, build-up of compressive stress, and in some systems a change in the preferred orientation, which is associated with a minimization of the total free energy, which includes surface and strain energies [17] [18] [19] . At even higher ion energies (several 100 eV and greater), compressive stress can be relieved by atomic scale annealing and relaxation of the compressed subsurface region by expansion towards the surface [20] . Sticking probability and self-sputtering yield will affect the deposition rate, texture, and the morphology of a growing film. The sticking probability is defined as the probability that the incident ion remains bound to the solid, and the self-sputtering yield is defined as the average number of surface atoms ejected per incident ion. The sputtering yield is generally well approximated by the empirical Yamamura formula [21] , and large data collections exist for normal incident sputtering [15] . However, despite the theoretical and practical importance of the sticking probability and self-sputtering, there is only a limited number of experimental studies available for the energy range of about 20-200 eV, which is typical for cathodic arc plasmas without bias [22] . Other techniques like high power impulse magnetron sputtering (HIPIMS) [23] [24] [25] can operate with similar energies when substrate bias is involved, although one should recognize that bias not only changes the kinetic energy but also reduces the incident angle (we always consider the angle with respect to the surface normal). Molecular dynamics (MD) [26] [27] , binary collision theory (BCT) [13, 28] , and kinetic Monte-Carlo-molecular dynamics (KMC-MD) calculations [29] have been used to model the energetic interaction of hyperthermal atoms and ions with solids [12] . This is critical for the three-dimensional metallization of semiconductor processors [1] [2] 30] and oblique or glancing angle deposition [31] [32] . For example, assuming perfect conditions in ultrahigh vacuum, MD models have been developed to calculate the self-sputtering yields and sticking coefficient for i E  ions of copper [12, 26] , including for grazing incidence [33] , and for aluminum and nickel. In those studies, the surface was assumed to be either a perfect (111) structure or to be amorphous with non-zero roughness [27] . Figures 1 and 2 show examples that are typical for the results of MD calculations. They have helped explaining some observations for the energetic deposition of cathodic arc gold and zirconium plasmas on aluminum [34] and the reduction of ion charges states in the plasma [35] . In this contribution, experimental data are provided related to the angle-dependent sticking probability and self-sputtering. A number of different materials (Cu, Ag, Pt, Au, Ti, and Ni) have been selected for deposition experiments using streaming vacuum arc plasmas. The kinetic energy of vacuum arc plasmas, related to the supersonic ion flow from cathode spots, is material dependent but typically in the range 50-100 eV [22, [36] [37] [38] . We will also show that a small addition of oxygen gas and a modest change of surface temperature can have a clear influence on the results.
Experimental approach and setup
Streaming metal plasma is produced by a pulsed filtered arc that has been described previously, e.g. [39] [40] . In essence, a miniature cathodic arc plasma source with a rod cathode of 6.25 mm (1/4 inch) diameter is placed in the center of an annular anode body, which is grounded. The cathode is encloses by a slightly metalized alumina ceramic tubing such that the arc spots can only operate on the rod's front surface. The metallization of the ceramic is needed to enable reliable triggering of arc pulses when a sufficiently high voltage (> 500 V) is applied to the cathode [41] . A current flows through the metal coating of the ceramic and leads to heating and the formation of cathode spots.
The arc-initiating voltage is the charging voltage of a 10-stage pulse forming network (PFN) [42] . The PFN provides the power for 800 A pulses of 1 ms duration at a pulse repetition rate of 3 pulses per second. The number of pulses per deposition run was 3200. The cathode material can be changed, and the following elements have been used in this study: Cu, Ag, Au, Ti, and Ni. The plasma from the arc source flows through a 90°-bent open filter [43] to remove macroparticles, and the filtered plasma expanded while streaming in vacuum to the substrates placed in 16 cm distance from the filter exit (Fig. 3) .
The experiments were done using several samples or 'deposition probes' at once in order to reduce the experimental error in the deposition thickness caused by the typical density fluctuations of cathodic arc plasma,. A deposition probe [44] [45] is, for example, a piece of cut silicon wafer (~ 1 cm 2 ) that was glued onto a pre-fabricated holder giving the probe surface a well-defined angle with respect to the incoming plasma flow. Neighboring deposition probes (normal and tilted relative to the flux) are assumed to be exposed to the same plasma incoming flow, which is reasonably justified given the large distance to the filter exit. The accuracy of the angle  between the surface normal of a given probe and the direction of plasma flow is determined by the holder to about ±2º, and a systematic error of about 3º should be added resulting from the finite sample size in relation to the source of plasma. The 3200 pulses resulted in a typical absolute film thickness of up to 100 nm as measured on the sample normal to the flow. Films on tilted samples are thinner by a factor   cos  for geometrical reasons, which will be discussed later, and their error is accordingly larger.
The source, filter, and sample were mounted in a cryogenically pumped vacuum chamber with a base pressure of about . The experiments were done in high vacuum except in some experimental cases when oxygen was intentionally supplied via a mass flow controller at a rate of 18 sccm, and the pumping speed was reduced to obtain a chamber pressure of 0.04 Pa. 4 1 10 Pa
The sample holders were at ground potential. That implies a low-voltage sheath exist between plasma and samples in which ions arc accelerated and gain energy proportional to the sheath voltage and their charge state. The energy upon impact is therefore
where is the "natural" ion energy gained at cathode spots, i.e. the previously cited typical 50-100 eV [22, [36] [37] . The plasma potential is not very far from the ground potential for most of the pulse, although it swings positive and negative at the beginning and end of the pulse, respectively, by several 10 V, due to the changing coil current in the open filter, which is electrically in series with the arc (for more information on similar open filters and filter bias and self-bias see [40, [46] [47] ).
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The substrates were at room temperature for most experiments, apart from insignificant process heating, and some experiments were done at intentionally elevated temperature (up 100ºC) by using a radiative heater behind the substrate holders (not shown in Fig. 3 ). The substrate temperature was measured with a K-type thermocouple clamped to the substrate holder.
In a first approximation, the angle-dependent sticking coefficient,   S  , could be determined by measuring the thickness of the film on the tilted deposition probe, d  , and comparing it to the thickness on the non-tilted probe, , according to
where the thicknesses and The relationship (2) containing the factor   cos  is obvious from Fig. 3 but it does not include the effect of film density change as the deposition is done with non-normal or even glancing angle incidence, nor does it account for angle-dependent changes in self-sputtering and likely "cross talk" of neighboring probes. By "cross talk" we mean the deposition of material on a probe not directly originating from the incoming plasma flow but from the surface of a neighboring probe.
 
S  would represent the absolute sticking coefficient only if we assumed   0 S 1  , constant or negligible self-sputtering, and negligible cross-talk. However, self-sputtering changes with angle, too, and therefore the observed changes are due to a combination of changes in self-sputtering and sticking coefficient. For the sake of simplicity, we can consider   S  as an "effective" sticking coefficient that also includes a contribution of self-sputtering. As we approach grazing incidence, 90   , the films on the tilted surface are very thin and the error of the measurements is large. It is therefore more reasonable to plot the measured ratio 
Results
In a first test of the experimental approach, copper plasma was used to deposit films on the set of pairs of normal and tilted substrates, all at ground potential and room temperature, and then repeat the very same experiment under nominally identical conditions in order to show the reproducibility of the measurements. The result is shown in Fig. 4 , indicating that the mean features of the curve are indeed reproducible, however, the error is relatively large as indicated by the difference between the curves. For a better mapping of the minimum near 60°, the experiment was repeated yet again two more times using smaller steps in angle. Those two curves are also included in Fig 4. In a next step, the experiment was repeated but with the deposition probes slightly heated using the radiative heater. The temperature of the samples very slightly increased during the deposition run, perhaps due to a combination of process heat and that the samples had not fully reached the thermal steady state, and therefore we give both the start and end temperature for each curve shown in Fig. 5 .
To learn about the sticking behavior of other elements, the cathode material was changed. The corresponding results can be sorted in two groups depending whether or not a minimum was found at an incident angle of about 60° (Fig. 6) . In these experiments, the samples were essentially at room temperature (apart from the insignificant process heating of a few degrees K).
The simulations cited in the introduction already indicated that the sticking coefficient depends on the surface conditions. One possibly important factor for processing under high vacuum conditions is the presence of residual gas. Introduction of intentional background gas could highlight the relevance (or irrelevance) of the gas, and oxygen would be among the most reactive gases in the mix of background gas. Therefore, the experiments with copper plasma were repeated with oxygen fed at a rate of 18 sccm into the chamber, and the pumping speed reduced such as to obtain a controlled pressure of 0.04 Pa. Fig. 7 shows that there is a distinct change of the ratio   R , especially for large angles. 
Discussion
The filtered cathodic arc plasma is well suited for this kind of experiment because it has the advantage of representing a large flux of ions with very limited contribution of neutrals: one can argue that any neutrals produced in the cathode region are not transported through the macroparticle filter, i.e. the curved coil is both a macroparticle and neutral atom filter ( [40] and [48] chpt. 7). Yet, the main point of the investigation is to show that the flow of fully ionized metal plasma itself is a source of neutrals when interacting with the surface of a
solid. An effective sticking coefficient   S  was introduced that includes the contribution of self-sputtering when ion arrives at the substrate. We must accept that the relative contributions of non-sticking and self-sputtering cannot be deconvoluted in this kind of experiment. Additionally, we acknowledge that the method does not provide absolute values for the sticking coefficient. The cathodic arc plasma is known to be fluctuating or 'noisy', therefore it should not surprise that each repetition of the same experiment results in a slightly different result. The values of Fig. 4 indicate what "slightly different" means. One can also suspect that some "cross talk" between neighboring samples exists: the material that does not stick needs to go somewhere, and with some probability it will end up on the reference sample that is not tilted as well as on the other samples nearby. Evidence for this is the appearance of data points
The rather large changes of the effective sticking coefficient for the small changes in 5 , is somewhat surprising (as it is common in material science, the change in temperature could be normalized by the melting temperature of the material, hence the assessment that the temperature change is 'small'). One possible factor for the effect is that the heating of the samples and surrounding region is usually accompanied by a rise of the residual gas pressure from the low 10 -4 Pa to the mid 10 -3 Pa. The residual gas changes the surface conditions, which are known to be critical for the sticking probability and self-sputtering yield. The great sensitivity to the surface conditions is also evident from the simulations shown in Fig. 1 : here we see a relatively large effect, especially at large angles, even as the chemical composition is not changed but just the arrangement of atoms and the atomic-scale roughness. Chemical changes affect the surface binding energy more profoundly, and one must expect that changes of the effective sticking coefficient   S  , and of the measured ratio   R  , are at least as strong as the effects of atom rearrangement. With these arguments in mind, our interpretation "blaming" the residual gas is supported by the experiment using intentionally introduced oxygen background gas (Fig. 7) . The results of Fig. 6 show that, at least qualitatively, all materials show non-sticking and/or self-sputtering, and the effect is stronger for materials grouped in Fig. 6(a) . A deviation of the curve below the projection factor   cos  indicates limited sticking and self-sputtering, and a deviation above the curve deposition of material originating from other surfaces ("cross talk"). From the theoretical knowledge and simulation of sticking and self-sputtering, e.g. Figs. 1 and 2 , it should be expected that the curves   R  are below the   cos  curve especially in the range 30° to 70°.
Sputtered atoms are very likely to be neutral, and non-sticking ions are very likely to be neutralized above the surface by classical over-the-barrier and Auger electron emission, surface plasma excitation and other processes [10, [49] [50] [51] . Thus material leaving the surface will return to the plasma volume as atoms.
This line of thought is in agreement with work by Miller who estimated that self-sputtering alone will limit the effective ion condensation coefficient of vacuum arc copper plasma to at most 0.94 [52] . Consequently, as argued in earlier papers [35, 53] , the appearance of neutral atoms from surfaces exposed to plasma will necessarily lead to a reduction of the local degree of ionization as well as to a reduction of the mean ion charge state due to non-resonant charge exchange collisions between multiply charged ions and neutral atoms.
Conclusion
The deposition experiments described show that, as expected from computer simulations, self-sputtering and non-sticking play an important role when a flow of energetic (50-100 eV) ions interacts with tilted surfaces. The experimental results for all materials investigated (Cu, Ag, Au, Ti, and Ni) are in qualitatively in agreement with the computational literature data. It confirms that the flow of fully ionized plasma itself is a source of neutrals when interacting with surfaces. The present experiments, however, do not allow us to separate the effects of limited sticking and self-sputtering, nor can we derive quantitative values for combined non-sticking and self-sputtering that match the precision of computer simulation. However, it was experimentally shown that the effective sticking coefficient depend in a sensitive manner on surface conditions, especially on the presence of a reactive background gas. impacting a perfect Al (111) surface (top) and an amorphous Al surface with non-zero roughness (bottom), data from [27] . Fig. 2 MD simulation of the angle-dependent sticking coefficient   S  (top) and self-sputtering yield (bottom) of nickel ions impacting a perfect Ni (111) surface (data from [27] ). Fig. 3 Experimental setup of a filtered pulsed cathodic arc system depositing thin films on tilted and non-tilted substrates; one of the tilted/non-tilted substrate pairs is shown in the lower left corner of the figure. shown to show the pure geometric effect of the incident angle on the film thickness. The experiments were repeated in the angle range 45°-70° with smaller angle steps. In all cases, the samples were at ground potential and the plasma was vacuum-arc-generated copper. 
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